Introduction {#sec1-1}
============

Radiation therapy is the prime treatment modality against various cancers. However, its use is limited due to the lethal effects of radiation on normal tissues.\[[@ref1]\] Therefore, attempts were made earlier to improve the therapeutic effect of radiotherapy by keeping the normal tissue damage to acceptable level by using synthetic compounds like cysteine, cysteamine, and WR-2721.\[[@ref2]\] However, the successful use of these radioprotectors in medical practice is not appreciated much due to their inherent systemic toxicity and their biological short half life. Therefore, the quest for effective, nontoxic compound with its optimal radioprotective capability is of immediate need that shifted the interest more on the naturally occurring dietary antioxidants. A number of dietary antioxidants, medicinal plant extracts, and their isolated constituents have been reported for their hepatoprotective, neuroprotective, anti-inflammatory, and also antioxidant or radical scavenging properties.\[[@ref2]--[@ref4]\] Several earlier studies on some of the medicinal plants\[[@ref5]--[@ref8]\] indicated the usefulness of these natural products in reducing the radiation-induced genotoxicity and animal mortality.

Oxidative stress and low antioxidant levels are implicated in the etiology of an inflammatory disease. Rutin (RUT) and quercetin (QRT) is potent dietary antioxidants, which were also found to display anti-inflammatory activities. Rutin has been shown to have antioxidant and anti-inflammatory actions.\[[@ref9]\] Natural non-toxic bioflavonoid rutin (vitamin P) inhibited oxygen radical overproduction in both rheumatoid arthritis and Fanconi anemia in an equally efficient manner and therefore may be considered as a useful supporting pharmaceutical agent for the treatment of free radical pathologies.\[[@ref10]\] The oxidative effects of ultraviolet A (UVA) light (320--400 nm) and the antioxidant effects of QRT were examined in rat blood. Exposure of rats to UVA light leads to oxidative stress reflected by increased MDA and reduced antioxidant enzyme levels. The administration of QRT appeared to be a useful approach to reduce the damage produced by UVA radiation.\[[@ref11]\] The present study was undertaken to assess the effect of RUT and QRT given as a protective regimen against radiation-induced oxidative stress, assessed by alteration in intracellular antioxidant enzymes, lipid peroxidation (LPO), and also *in vitro* free radical quenching.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

Four- to six-weeks old inbred mice of Swiss albino strain of either sex weighing 25--30 g were selected and kept in well-ventilated polypropylene cages under standard conditions of temperature (23 ± 2°C), humidity (50 ± 5%), and light (10 and 14 hours of light and dark, respectively). Animals were allowed food and water ad libitum. The animal experiments were carried with the prior approval from the Institutional Animal Ethics Committee. Animal care and handling was done according to the guidelines issued by the World Health Organization, Geneva, Switzerland and the Indian National Science Academy, New Delhi, India.

Chemicals {#sec2-2}
---------

### Drug preparation and mode of administration {#sec3-1}

RUT and QRT was purchased from Himedia Laboratories Pvt. Ltd., Mumbai, India. RUT and QRT powder was suspended in water using 0.5% w/v carboxy methyl cellulose (CMC) and was given once daily (5 ml/kg body weight (bw)), various doses of RUT and QRT 10-100 mg/kg bw orally once a day for 5 consecutive days. Radiation exposure was performed 1 hour after the last dose of RUT and QRT administration.

### Other chemicals {#sec3-2}

RUT and QRT, glutathione, chloro-2,4-dinitrobenzene (CDNB), 5,5-dithiobis-2-nitrobenzoic acid, trichloroacetic acid (TCA), thiobarbituric acid (TBA), ethidium bromide, normal melting agarose, low melting agarose, and fetal bovine serum were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Acridine orange (AO) was purchased from BDH Chemicals Ltd, Poole, England. The other chemicals such as absolute alcohol, dimethyl sulphoxide, ethylene diamine tetraacetic acid, sodium bicarbonate, sodium chloride, potassium hydrogen phosphate, and hydrochloric acid were purchased from Qualigens Fine Chemicals (A Division of GlaxoSmithKline Pharmaceuticals), Mumbai, India.

Radiation exposure {#sec2-3}
------------------

Unanesthetized mice were restrained in a specially designed well-ventilated acrylic box and exposed to whole-body radiation from ^60^Co gamma tele-therapy facility (Theratron Atomic Energy Agency, Canada) at the Shirdi Sai Baba Cancer Hospital, Manipal, at a dose rate of 1.33 Gy/min and source to surface distance of 61 cm.

Estimation of liver antioxidant enzymes {#sec2-4}
---------------------------------------

To understand the mechanism of radioprotection, biochemical estimations were carried out. Animals were divided into groups of six animals each as follows:

*Untreated Control group*: The animals of this group were administered 0.1 ml/kg bw of CMC orally for 5 consecutive days.*RUT and QRT alone group*: The animals of this group were administered optimum dose of RUT (10 mg/kg bw) and QRT (20 mg/kg bw) orally for 5 consecutive days.*Radiation alone group*: These animals were administered 0.1 ml/kg bw of CMC orally once daily for 5 consecutive days. One hour after the last administration on the 5^th^ day animals were exposed to 4.5 Gy gamma radiations.*RUT and QRT + Radiation group*: The animals of this group were administered with optimal dose of RUT (10 mg/kg bw) and QRT (20 mg/kg bw) orally for 5 consecutive days, and the last dose of RUT and QRT was given just 1 hour before exposure to 4.5 Gy of gamma radiation.

Sample preparation (tissue homogenate) {#sec2-5}
--------------------------------------

All the animals were from above groups were euthanized at 12 hour post-irradiation time intervals and their livers were collected and processed as liver tissue was perfused with saline to remove any red blood cells and clots. Tissue was homogenized with the saline (0.9%) (1 g liver in 10 ml saline) with ice-cold PBS pH 8.0 using a homogenizer (Yamato LSC LH-21, Japan) and centrifuged at 12,000 rpm for 30 min at 4°C. Supernatant was collected and used for following biochemical estimations.

### Protein estimation {#sec3-3}

Total protein contents were estimated by the modified method of Lowry *et al*.\[[@ref12]\] The protein concentration of the test samples were calculated with reference to the standard graph and the results were expressed as milligram protein per gram of tissue weight.

### Estimation of glutathione {#sec3-4}

Glutathione (GSH) contents were measured as total non-protein sulfhydryl (NPSH) group using the method of Moron *et al*.\[[@ref13]\] with modifications. The absorbance was monitored for 2 min at 412 nm. The change in absorbance/min was determined and this value was converted to micromol GSH in comparison to a known standard.

### Estimation of glutathione-S-transferase {#sec3-5}

Glutathione-S-transferase (GST) was determined according to the procedure of Habig *et al*.\[[@ref14]\] Analysis of GST activity is based on enzyme catalyst condensation of GSH with the model substrate 1-chloro-2,4-dinitrobenzene (CDNB). The product obtained (2,4-nitrophenyle-glutathione) absorbs light at 340 nm. Results were expressed as micromole of product formed per minute per miiligram protein of the tissue.

### Estimation of superoxide dismutase activity {#sec3-6}

Superoxide dismutase (SOD) activity was assayed by the nitroblue tetrazolium (NBT) method as described by Beauchamp *et al*.\[[@ref15]\] Xanthine oxidase is used to generate a reproducible flux of O~2~^●^; NBT is used as an indicator of superoxide production. Specific activity of total SOD is expressed as units per milligram protein.

### Estimation of catalase in liver {#sec3-7}

Catalase (CAT) activity was determined by catalytic reduction of hydrogen peroxide using a standard method described by Aebi.\[[@ref16]\] Results were expressed as micromole of product formed per minute per milligram protein of the tissue.

### Estimation of LPO in liver {#sec3-8}

LPO was measured using the method of Buege and Aust.\[[@ref17]\] Malonaldehyde (MDA) formed from the breakdown of poly-unsaturated fatty acids serves as a convenient index for determining the extent of the peroxidation reaction. Peroxidation of lipids generates MDA, which reacts with TBA to give a red species absorbing at 535 nm. Results were expressed as nanomole MDA per milligram total protein.

Free radical scavenging by RUT and QRT {#sec2-6}
--------------------------------------

### DPPH scavenging activity {#sec3-9}

The effect of RUT and QRT on the DPPH radical was estimated according to the method Mensor *et al*.\[[@ref18]\] The ability to scavenge the stable DPPH radical is measured by a decrease in the absorbance at 517 nm using spectrophotometer (Shimadzu UV-260, Shimadzu Corp, Tokyo, Japan). The measurement was repeated with three sets.

### ABTS radical decolorisation assay {#sec3-10}

ABTS diammonium salt radical cation decolourisation test was performed using spectrophotometric method described by Miller *et al*.\[[@ref19]\] The reaction mixtures were incubated at room temperature (28°C) for 30 min, and the absorbance was measured at 734 nm.

### Hydroxyl radical scavenging activity {#sec3-11}

Hydroxyl radical scavenging assay was performed by the oxidation of deoxyribose using standard method described by Halliwell *et al*.\[[@ref20]\] The absorbance was measured at 534 nm using spectrophotometer. Percent inhibition was calculated.

### Superoxide radical scavenging activity {#sec3-12}

Superoxide scavenging activity of RUT and QRT was performed by photo-oxidation of riboflavin according to the method of Hyland *et al*.\[[@ref21]\] The reaction mixture in a final volume of 3 ml and the absorbance was recorded at 513 nm. All tests were performed three times.

Statistical analysis {#sec2-7}
--------------------

All data were expressed as mean ± SEM. The statistical significance between the treatments was evaluated by one-way ANOVA and with Bonforroni's post hoc test using GraphPAD InStat, Software, USA.

Result {#sec1-3}
======

Biochemical parameters {#sec2-8}
----------------------

The optimal dose of RUT (10 mg/kg bw) and QRT (20 mg/kg bw) were selected to assess the changes in radiation-induced liver antioxidant levels and LPO.

### Glutathione activity {#sec3-13}

The glutathione (GSH) levels in the liver tissue for the control animals in RUT and QRT treated group were 2.76 ± 0.06 and 2.96 ± 0.09 μmol/g tissues, respectively. RUT and QRT treatment alone did not alter the GSH levels when compared with the untreated control. However, a significant decrease in GSH content was observed in irradiated animals. Whereas, treatment of mice with RUT (10 mg/kg bw) and QRT (20 mg/kg bw) 1 hour before exposure to 4.5 Gy of gamma radiation significantly normalized (P \< 0.01) GSH content both RUT and QRT administered group compared with respective irradiated groups \[Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}\].

###### 

Changes in GSH, GST, CAT, SOD, and LPO levels after exposure to 4.5 Gy with or without RUT given orally for 5 consecutive days
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###### 

Changes in GSH, GST, CAT, SOD, and LPO levels after exposure to 4.5 Gy with or without QRT given orally for 5 consecutive days
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### GST activity {#sec3-14}

The GST activity in control mice liver was 3.14 ± 0.02 and 3.28 ± 0.04 μmol/g tissues at RUT and QRT treated group, respectively, RUT and QRT treatment by itself did not significantly alter the baseline GST levels. Whole-body irradiation of mice to 4.5 Gy resulted in declined GST activity. Whereas, RUT and QRT administered 1 hour prior to 4.5 Gy gamma radiation significantly normalized GST activity at 12 hours post treatment when compared with the respective irradiation groups \[Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}\].

### SOD activity {#sec3-15}

In control mice liver, the mean SOD activity was 3.85 ± 0.19 and 3.78 ± 0.15 μmol/g tissue, respectively. RUT and QRT treatment by itself did not significantly alter the baseline SOD levels. Whole-body irradiation of mice to 4.5 Gy resulted in declined SOD activity. Whereas, RUT and QRT administered 1 hour prior to 4.5 Gy gamma radiation resulted in a significant (*P* \< 0.01) normalized in SOD activity at 12 hours post treatment when compared with the respective irradiation groups \[Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}\].

### CAT activity {#sec3-16}

In control mice liver, the mean CAT activity was 2.95 ± 0.31 and 2.94 ± 0.12 in RUT and QRT treated groups, respectively. RUT and QRT treatment by itself did not significantly alter the baseline CAT levels. Whole-body irradiation of mice to 4.5 Gy resulted in declined CAT activity. Whereas, RUT and QRT administered 1 hour prior to 4.5 Gy gamma radiation resulted in a significant (*P* \< 0.01) normalized in CAT activity in 12 hours post treatment when compared with the respective irradiation groups \[Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}\].

LPO {#sec2-9}
---

Administration of RUT and QRT by itself did not result in LPO in RUT and QRT treated groups. Animals exposed to 4.5 Gy gamma radiation showed significantly (*P* \< 0.001) increased thiobarbituric acid reactive substances (TBARS) (44.00 ± 2.87, 39.60 ± 2.95) in RUT and QRT treated groups as against the control values (22.50 ± 2.05, 23.6 ± 1.22). However, there was a significant inhibition of LPO products (TBARS) observed in RUT, and QRT was administered before 4.5 Gy of gamma radiation \[Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}\].

[Table 1](#T1){ref-type="table"} and [2](#T2){ref-type="table"} shows the comparison between Irradiated (IR) alone against groups Untreated, Rutin + Irradiation and QRT + Irradiation. Values are mean ± SEM from 6 mice/group. Significant levels are, a = *P* \< 0.05; b = *P* \< 0.01; c = *P* \< 0.001. No symbol = non-significant.

Free radical scavenging activity {#sec2-10}
--------------------------------

### DPPH scavenging activity {#sec3-17}

As it is evident in [Table 3](#T3){ref-type="table"}, the IC~50~ value of the RUT for DPPH radical was found to be 29.63 μg/ml, and, at the concentration of 80 μg/ml, RUT exhibited 44% inhibition and the scavenging activity was plateau thereafter at higher concentrations. Whereas the IC~50~ value of QRT was found to be 31.4 μg/ml.

###### 

Radical scavenging activity of rutin and quercetin at different concentrations
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### Total antioxidant activity {#sec3-18}

The total antioxidant capacity of the RUT was calculated from the decolourization of ABTS^·+^ upon interaction with the RUT that suppressed the absorbance of the ABTS^·+^ radical and the results are expressed as percentage inhibition of absorbance as shown in [Table 3](#T3){ref-type="table"}. RUT resulted in a concentration-dependent increase in free radical scavenging ability against ABTS^·+^ in a concentration-dependent manner, with a saturation point reaching a concentration of 80 μg/ml. The IC~50~ value of the RUT was found to be 5.34 μg/ml. QRT also exhibited dose-dependent scavenging up to 100 μg/ml. The IC~50~ value of QRT was found to be 8.09 μg/ml.

### Hydroxyl radical scavenging assay {#sec3-19}

Hydroxyl radicals are the major active species causing lipid oxidation. This assay shows the ability of different concentrations of RUT to scavenge OH^·^, as shown in [Table 3](#T3){ref-type="table"}. RUT resulted in a concentration-dependent increase in free radical scavenging ability against OH^·^ in a concentration-dependent manner, with a saturation point reaching a concentration of 80 μg/ml with an IC~50~ value of 30.74 μg/ml. The concentration of QRT needed for 50% inhibition was found to be 58.1 μg/ml.

### Superoxide radical scavenging assay {#sec3-20}

Data in [Table 3](#T3){ref-type="table"} shows the ability of RUT to quench superoxide radicals in the reaction mixture. The IC~50~ value of the RUT for super oxide radical was found to be 29.27 μg/ml, and, at the concentration of 80 μg/ml, RUT exhibited 72% inhibition and plateau thereafter at higher concentrations. QRT at concentrations ranging from 10 to 100 μg/ml inhibited the production of superoxide anion radicals. The IC~50~ value of QRT on superoxide radical scavenging activity was found to be 38.81 μg/ml.

Discussion {#sec1-4}
==========

Radiation-induced reactive oxygen/nitrogen species (ROS/RNS) like nitric oxide and superoxide radicals react to produce reactive peroxynitrite, which is known to induce cytotoxicity by interacting with biomolecules.\[[@ref22]\] ROS also affects the antioxidant defense mechanisms by reducing the intracellular concentration of GSH as well as SOD, GST, and CAT activity. RUT and QRT administration prior to irradiation inhibited the decline in the intracellular antioxidant enzyme levels, viz., SOD, CAT, GSH, and GST.\[[@ref23][@ref24]\] These enzymes are known to be modulated in various diseases caused by free radical attack.\[[@ref25]\] Thus, maintaining a balance between the rate of generation of radicals and scavenging of free radicals is an essential part of biological homeostasis. Therefore, it is of particular interest to note that SOD catalyses the breakdown of O~2~·ˉ to O~2~ and H~2~O~2~, prevents formation of OH·, and thereby has been implicated as an essential defense against the potential toxicity of oxidative species. The ROS scavenging activity of SOD is effective only when it is followed by the actions of other enzymes, because the dismutase activity of SOD generates H~2~O~2~, which needs to be further scavenged by CAT and GPX. RUT and QRT is potent scavenger of peroxynitrite and superoxide radicals.\[[@ref26]--[@ref28]\] This indicates that the RUT and QRT can effectively scavenge H~2~O~2~ formed by SOD. Taken together, these results also suggest that the antioxidant activity of RUT and QRT may be due to degradation of H~2~O~2~ and other peroxides. Therefore, possible underlying mechanism of action by RUT and QRT due to the modulation of peroxynitrite and superoxide effects on tissues could provide a reasonable explanation for the enhanced radioprotection in RUT and QRT pretreated mice.

In the present study, RUT and QRT alone did not significantly alter the LPO in unirradiated animals, but RUT and QRT pre-treatment significantly lowered the radiation-induced LPO in terms of MDA production in a dose-dependent manner. Therefore, inhibition of LPO by RUT and QRT is also of significance in protecting the cells from radiation-induced damage. Exposure of mice to gamma radiation reduced the GSH activity; this depletion of GSH in mice has been shown to cause inhibition of glutathione peroxidase activity and resultant increase in LPO.\[[@ref29]\] GST catalyzes the antioxidant processes of thiol compounds, thereby protecting the cells from electrophiles, free radical-induced damage, and oxidative stress.\[[@ref30]\] A similar correlation between the depletion of GSH and increase in LPO exists in the present investigation. Pre-treatment of mice with RUT and QRT significantly stalled the decline of GSH, GST, SOD, and CAT levels of liver, thereby rendering increased protection against radiation. Several earlier findings demonstrated efficient SOD and peroxyradical scavenging potential of RUT and QRT\[[@ref26]--[@ref28]\] as was also observed from the results of *in vitro* free radical scavenging assays. Furthermore, in the present study, RUT and QRT did not increase the GSH level above that of untreated control (base line) indicating its inability to promote the GSH synthesis pathway by itself. Taken together it may be proposed that the free radical scavenging ability of RUT and QRT may be one of the mechanisms for its radioprotective potential.

In the present study, the ability of RUT and QRT to scavenge free radicals using *in vitro* model systems was evaluated. OH· is the most reactive among ROS and it bears the shortest half-life compared with other ROS. The concentration of RUT and QRT needed for 50% inhibition for OH· was found to be 30.74 μg/ml and 58.1 μg/ml, respectively. Similarly, RUT and QRT at concentration from 20 to 100 μg/ml significantly inhibited the production of superoxide anion, DPPH and ABTS, indicating the ability of RUT and QRT as a free radical scavenger. These results also suggest that RUT and QRT may exert radioprotective effect by scavenging the free radicals. Similarly, earlier reports on plant extracts and natural compounds demonstrated a free radical scavenging mechanism as their potential to mitigate radiation-induced cellular damage.\[[@ref31]--[@ref33]\]

Present findings demonstrate the potential of a dietary compound, RUT and QRT, in mitigating radiation-induced oxidative stress. This study clearly demonstrates the free radical scavenging, indicating that it may have its potential as a radioprotective agent. Furthermore, the presence of a phenolic group in RUT and QRT is known to contribute hydrogen donation for scavenging the radiation-induced radicals, since the structure-activity relationship of these bioflavonoids acts as reducing agents of hydrogen or electron-donating agents could predict their potential to act as antioxidants and therefore it may be assumed that the observed radioprotective effect of RUT and QRT may be attributed to its potential to inhibit radiation-induced oxidative stress. These effects may be partly attributed to the scavenging of radiation-induced free radicals as well as by increasing the endogenous antioxidant levels. Therefore, further investigations on RUT and QRT may prove its potential application as a radioprotective agent or against any free radical medicated pathological conditions.
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